[1] In this study, we use an ice-cream cone model to analyze the geometrical and kinematical properties of the coronal mass ejections (CMEs). Assuming that in the early phase CMEs propagate with near-constant speed and angular width, some useful properties of CMEs, namely the radial speed (v), the angular width (a), and the location at the heliosphere, can be obtained considering the geometrical shapes of a CME as an ice-cream cone. This model is improved by (1) using an ice-cream cone to show the near real configuration of a CME, (2) determining the radial speed via fitting the projected speeds calculated from the height-time relation in different azimuthal angles, (3) not only applying to halo CMEs but also applying to nonhalo CMEs.
Introduction
[2] The halo coronal mass ejection (CME), which looked like a bright cloud surrounding the entire Sun and propagating outward from it in all directions, was first reported by Howard et al. [1982] and was interpreted as a broad shell or bubble of dense plasma ejected directly toward (or away from) the Earth. Now it is generally accepted that halo CMEs which travel along the Sun-Earth line to the Earth are associated with disturbances of the geomagnetic fields and responsible for many large geomagnetic storms. [e.g., Gosling et al., 1991; Brueckner et al., 1998; Gopalswamy et al., 2000; Webb et al., 2000; Wang et al., 2002] .
[3] Many routine observations of CMEs and the CMEsassociated solar active regions have been established by the Large Angle Spectroscopic Coronagraph (LASCO) and Extreme Ultraviolet Imaging Telescope (EIT) on board the Solar and Heliospheric Observatory (SOHO) [Brueckner et al., 1995; Delaboudiniere et al., 1995] , the Soft X-ray Telescope (SXT) on Yohkoh [Tsuneta et al., 1991] , etc. The combinations of LASCO and SOHO/EIT observations of the halo CMEs make it possible to determine whether a halo CME is a frontside (toward the Earth) one or a backside (away from the Earth) one [Plunkett et al., 2001] . These routine observations are very helpful for studying the properties of CMEs as well as for space weather forecasting.
[4] Owing to the notable geomagnetic effects of halo CMEs, prediction of the arrival of CME in the vicinity of Earth is critically important in space weather investigations. The determination of the radial propagation speed and acceleration of the frontside halo CME is necessary for more accurate space weather forecasting . Gopalswamy et al. [2000] and Gopalswamy [2002] developed and improved an empirical model to predict the arrival time of CMEs at 1 AU based on the interplanetary CMEs detected by Wind spacecraft and their corresponding CMEs remote-sensed by SOHO. This increased solar wind speed may be inferred more accurately using this empirical moldel, if the geometrical and kinematical properties of halo CMEs (e.g., the angular width and central position angle of CME, the initial speed of CME) can be determined . However, the angular width and the initial speed of CME obtained directly from the measurement of the observation of LASCO are only the projected angle and speed on the sky plane. They can not be deemed as the real parameters of CME unless the CME is a broadside one, whose latitudinal span of their bright feature in the sky plane being less than 120°so that the angular width and the central position angle can be directly measured based on their latitudinal span .
[5] The projection of many broadside CMEs on the sky plane observed by LASCO coronagraph looks like a cone shape, which can maintain this shape and propagation almost radially in the view fields of LASCO/C2 and LASCO/C3. At the same time, the angular width of many broadside CMEs remains constant during their expansion outward [Webb et al., 1997] . These facts indicate that the shell of mass is nearly symmetric about the central position of CMEs. Some authors suggested that the geometrical properties of CMEs may be described by a cone model [Howard et al., 1982; Fisher and Munro, 1984; Leblanc et al., 2001; Zhao et al., 2002; Michalek and Gopalswamy, 2003; Xie et al., 2004] .
[6] Fisher and Munro [1984] have proposed a so-called ice-cream cone model to depict the mass and other physical properties used in the specification of the coronal transient model, but in practice this model is suitable only for the broadside CMEs, whose footpoints are located in the limb of the Sun. Leblanc et al. [2001] have converted the measured CME progressions in the sky plane into the progressions in the radial direction for the first time, in the light of a new technique which is based on an ice-cream cone like model. However, in their model, the angular width of the CME is estimated to a statistical value, and it cannot reflect the characteristics of an individual CME. Recently, Zhao et al. [2002] has developed a cone model to estimate the geometrical and kinematical properties of the threedimensional halo CMEs, using coordinate conversion between the cone system and the heliographic system, and adjusting three free parameters iteratively to best match the LASCO observations. To avoid the ambiguity introduced by visual fitting and computational time-consumption of Zhao's model, Xie et al. [2004] has presented an innovative analytical method to determine the relation of cone CME angular width and orientation to its elliptical sky-plane projection and the relation of CME actual radial speed to projection speeds at different position angles. Michalek and Gopalswamy [2003] has also given a simple cone model by measurements of the sky plane speeds and the times of the first appearance of the full halo CMEs above opposite limbs. Using the model, Michalek et al. [2004] have studied the arrival time of the halo CMEs in the vicinity of the Earth. The accuracy of prediction is improved.
[7] In this paper, we will present an ice-cream cone model to estimate the parameters (velocity, angle width, and source location) of the CMEs. This model can exhibit the near real geometrical characteristics of CME from its projected speeds measured at different directions in the sky plane.
[8] The structure of the paper is outlined as follows. In section 2, the model is described in detail. Section 3 examines the validity of this ice-cream cone model. Finally, we present discussion and conclusions in section 4.
Ice-Cream Cone Model
[9] Assuming that a CME is isotropic and is emitted from a point, one can image that the front edge of the CME should form a sphere-like shape. Thus we consider that (1) the shape of CMEs is a symmetrical ice-cream cone, combining a cone with a sphere. The apex of the cone and the center of the sphere are all located at the center of the Sun. Figure 1 shows a sketch map of the ice-cream cone model. (2) The propagations of CMEs are nearly radial. (3) The velocities and angular widths of the CMEs remain constant. Then, the projected front edge of CMEs in the sky plane is determined by the projection of the sphere cross section of the ice-cream cone. The widths, velocities, and the source location of CMEs can be estimated through the observation of LASCO/C2 and LASCO/C3.
[10] First, we introduce a heliocentric coordinate system (x h , y h , z h ), where the x h axis points to the Earth and (y h , z h ) defines the sky plane. Assuming that we have known the orientation of the ice-cream cone (q 0 , f 0 ) in heliocentric coordinate, where q 0 and f 0 are the colatitude and longitude measured from the central meridian, we can establish the cone coordinate system (x c , y c , z c ) through the rotation of coordinate (x h , y h , z h ) as shown in Figure 1 . Letting (x h , y h ) plane rotate around the z h through the angle f 0 , we get a coordinate (x 0 , y 0 , z 0 ). Then the cone coordinate system (x c , y c , z c ) is established by making another rotation of (x 0 , z 0 ) around y 0 through the angle q 0 . Note that in cone coordinate system, z c parallel to the ice-cream cone axes and its orientation describes the propagation direction of CME.
[11] The transform between the heliocentric coordinate system (x h , y h , z h ) and the cone coordinate system (x c , y c , z c ) can be carried out as 
where
In the cone coordinate system, the cone equation is easy to be described as where a is the angular width of the cone and q c is the angle measured from the z c axis. Using equation (2), we can get the cone equation in heliocentric coordinate system
[12] The ice-cream cone shell is defined as the overlap area between the cone and a sphere with radius r c , which should satisfy
where r c is the heliocentric distance of the CME's front side.
[13] When the cone has no intersection with the sky plane, it can be demonstrated that the projected contour of the sphere cross section in the ice-cream cone model is as same as the one of the circle cross section in the cone model. From the equation (5), one can find that the angle d between an arbitrary generatrix on the cone surface and the plane of sky (OY h Z h plane) satisfies
and A is defined by
where y is the azimuthal angle of a cone generatrix's projection in OY h Z h plane, measured from y h axis.
[14] One can find that equation (6) has real root for any given y 2 [0, 2p], if cos a 2 cos f 0 sinq 0 . The implication is that the origin of the coordinate OY h Z h is encircled by the projection of the ice-cream cone on the sky plane. This CME is a disk-center-covered CME, which includes the cases of the full halo CME and the disk-center-covered partial halo CME (that satisfies the condition cos a 2 cos f 0 sin q 0 but does not develop as a full halo in the LASCO view field).
[15] If cos a 2 > cos f 0 sin q 0 , equation (6) has real roots only for y L y y R . The origin of the coordinate OY h Z h is out of the projected region of the ice-cream cone. This CME is non-disk-center-covered CME. Here, y L = y 0 + y À , y R = y 0 + y + , y 0 and y ± are the azimuthal angle of the projected ice-cream-cone axis on sky plane and the halfwidth of the projected angle of the ice-cream cone on the sky plane, respectively. One can get
and
[16] In our model, the criteria between a disk-centercovered CME and a non-disk-center-covered CME is whether the projected angular width (PAW) of the ice-cream cone on the sky plane is greater than 180°or not. The relationship of cos a 2 = sin q 0 cos f 0 specifies the boundary between this two types of CME in the ice-cream cone model. This is different from the angle of 120°, which is often used in LASCO observation to distinguish between a halo CME and a nonhalo CME. For a disk-center-covered CME, although the origin of the coordinate OY h Z h is encircled by the projected region of the ice-cream cone, whether the projection of the ice-cream cone in the view of LASCO observation is a full halo or not, depending on the orientation, angle width, and the radial distance of the ice-cream cone because the projected shape of 
No intersection with sky plane
the ice-cream cone on the sky plane changing as the orientation, angle width, and the radial distance change [see Zhao et al., 2002, Figures 1 and 2] .
[17] If the ice-cream cone intersects with the sky plane OY h Z h , the speed of the projection in the intersectant region will be equal to the radial speed of CME in the intersectant region. Assuming that the intersectant area is y 1 y y 2 , let sin d = 0 in equation (6), one can get the following equation
[18] Now we can establish the relationship between the projected speed v p in the sky plane and bulk speed v, according to the above discussion. The projections of the CMEs on the sky plane can be divided into four possible cases, the disk-center-covered CMEs with or without skyplane intersection and the non-disk-center-covered CMEs with or without sky-plane intersection, as shown in Table 1 . Note that C = sin q 0 cos f 0 for all the cases discussed.
[19] The other necessary parameters g (the angle between the axis of the cone and the sky plane) can be obtained from the following equation:
The position angle (PA) defined counter clockwise in degrees from solar north in the LASCO imaging plane can be obtained from equation (8). Table 1 , there are four parameters needed to be determined, namely, the radial speed of Figure 2 . The SOHO/EIT observation of the event on 4 April 2000, and there was a C9.7 flare in active region 8933 marked by the circle associated with the CME at N19W56 begun at 1512 UT.
the CME (v), the angular width of the CME (a), and the location of the CME (q 0 , f 0 ). In following part, we will illuminate how to determine these parameters of a full halo CME using a case observed on 4 April 2000 (the same case as used by Xie et al. [2004] ).
[21] To determine these parameters mentioned above, three steps are considered: (1) Restricting the possible source region from the SOHO/EIT observations; (2) Measuring the height-time relations to obtain the projected speeds on different azimuthal angles; (3) In the possible source region estimated in step 1, using the least-squares fit method to decide the best fit parameters.
[22] First, the erupted point (q 0 , f 0 ) the CME is restricted to a relatively small region based on the SOHO/EIT observations. Figure 2 shows the SOHO/EIT observation of the event on 4 April 2000. There was a C9.7 flare in active region 8933 marked by the circle associated with the CME at N19W56 begun at 1512 UT. Owing to the fact that CME-associated flares or active regions are often located near one leg of CMEs, rather than near the center [Harrison, 1986; Plunkett et al., 2001] , we can confine the location of the apex of the icecream cone (q 0 , f 0 ) to a relatively reasonable region from the EIT observation. In this case, we confined q 0 and f 0 in a 36°Â 36°region centered on the point N19W56. That is, the region encircled by the heliacal latitude [N01, N37] and the heliacal longitude [W38, W74].
[23] Second, measuring the projected speeds of the CME in different directions via the height-time relations. Using the Solar Software SSW (http://www.lmsal.com/solarsoft/), we can get a series of the running different images of the LASCO C2 and C3 observations. Figure 3 shows a running different image of LASCO/C3 at 1718 UT of the event 4 April 2000. We establish some radials emitted from one origin point to label the azimuthal angles (i.e., the angle y in Table 1 ) on the sky plane, on which the height-time relations will be obtained. To ensure that the azimuthal angles of different images are the same, the centers of LASCO planes in different images are all located on this origin point (see Figure 3) .
[24] We mark the front edges of the CME on different azimuthal angles at a given time (see the points marked in the sketch Figure 3) . Through recording the propagations of the marked points at different time, one can get 
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the height-time relations on every labelled azimuthal angle. The observed projected speeds (v p,obs ) of the CME on this azimuthal angle can be obtained by linear fitting the height-time relations. Table 2 shows the linear fitting v p,obs versus the azimuthal angles for the CME on 4 April 2000.
[25] Finally, the optimal parameters v, a, and proper (q 0 , f 0 ) can be determined by the least-squares fit of the calculated projected speeds (v p,cal ) (obtained from the equations in Table 1 ) with the measured projection speeds (v p,obs ) on different azimuthal angles. For the case on 4 April 2000, we obtain v = 1114.75 km/s, a = 135.15°, q 0 = 74°, f 0 = 40°, g = 47.4°, and PA = 294.0°with a least-squares deviation s v = 77.2 km/s. At the same time, it has been found that this full halo CME had an intersection with the sky plane in the range of y 2 [328.4°,79.7°]. Figure 4 shows the plot of the calculated projected speeds using the above optimal parameters versus the measured projection speeds. The triangles indicate the measured speeds. The solid line is the curve of the calculated projection speeds on the sky plane. The beelines at the both sides of the curve indicate that the ice-cream cone has intersected with the sky plane at the azimuths in the region [328.4°,79.7°] and the projected speeds should reflect the real radial speed of the CME. 
[26] Having these geometrical parameters of the icecream cone, we can reproduce the propagation of the CME with time from the height-time relation. For example, we can obtain the real radial distance r of the icecream cone shell at time 1643 UT by fitting the projected distances (that are recorded by the squares in Figure 3) at that time using the parameters of a, q 0 , and f 0 . Then, the reproduced cross section of the ice-cream cone on the sky plane can be plotted (see the white circle on the first picture of Figure 5 ). On the basis of the r at 1643 UT, one can easy decide the following cross section of the ice-cream cone on the sky plane versus time series. Figure 5 shows the projection of the modeled full halo CME (white circles) propagated with time, which are superposed on the running different images observed by LASCO/C3, and the intersected region are denoted by the crosses.
[27] This event has also been discussed by Michalek and Gopalswamy [2003] and Xie et al. [2004] . In work by Michalek and Gopalswamy, the width, speed, and source location of the halo CME were obtained by measuring the sky-plane speeds of the first appearance of the halo CME above opposite limbs on LASCO observations. Xie et al. used an ellipse in the sky plane to fit the observations of LASCO and obtain the cone parameters. Their results are also listed in Table 3 . A discussion and a comparison on the results obtained from these three models will be given in the following section.
Application of the Ice-Cream Cone Model to a Broadside CME on 26 October 2003
[28] There is a little difference between application of the ice-cream cone model to a disk-center-covered CME and to a non-disk-center-covered CME. From the LASCO observations, the projected angular width (PAW) (y L y y R ) on sky plane can be measured so that the azimuthal angle y 0 of the projected ice-cream-cone axis and the half-width of the projected angle of a CME (y ± ) can be easily determined from observations. Comparing these measured values with the calculated ones from equations (8) and (9), we can constrain the selects of q 0 , f 0 and a in step 3.
[29] For a non-disk-center-covered CME on 26 October 2003, we got the observational y 0 = 5.0°and y ± = ±78.96°. Thus the geometrical parameters are q 0 = 86°, f 0 = 57°, a = 110°, and the kinematic parameter of this CME is v = 1589.0 km/s. Comparing with the observational erupted location N05W43 (determined from the EIT observation), one can find that the location parameters q = 86°and f = 57°, that is, N04W57, obtained from this method, are reasonable on a certain extent.
[30] The distribution of the projection speeds are shown in Figure 6 , where the solid curve shows the least-squares fitting result and the triangles show the measured data. This CME also had an intersection with the sky plane in the range of y 2 [319. 1°, 52.9°] . The angle between the axis of the ice-cream cone and the sky plane g is equal to 32.9°. Figure 7 shows the modeled non-disk-center-covered CME (white circles) propagated with time versus the real running different images observed by LASCO C3 from the 26 October 2003 event. Table 1 ] (in their work, they use samples listed by Cane and Richardson [2003] and exclude the ambiguous events and the events resulted from multiple CMEs marked with ''i'' and ''j'' in Cane and Richardson's work to make the facts more clear). In Table 4 , columns 1 -5 give the observational date, time, location, the linear fit speed, and the average transit speed of the CME, respectively. Columns 6 -9 give the calculated parameters of the ice-cream cone mode. The last column shows the type of CME defined by the predicted observation angle width (POAW) of the CME in the view field of LASCO/C3 using the ice-cream cone model, namely, the full halo CME (POAW = 360°), the diskcenter-covered partial halo CME (180°< POAW < 360°), and the non-disk-center-covered CME (POAW < 180°). Please note that full halo CME and the disk-center-covered Figure 6 . The distribution of the projection speed on the azimuthal angle y in the sky plane for the 28 October 2003 CME. The triangles show the measured data. The solid curve is the fitting result using the ice-cream cone model. The linear fit speed of the CME published in CMElist website http://cdaw.gsfc.nasa.gov/CME_list/. The average transit speed of the CME in the interplanetary medium [Wang et al., 2004] . The type of the CMEs predicted from the ice-cream cone model. F is full halo CME (POAW = 360°), P is disk-center-covered partial halo CME (360°< POAW 180°), and N is non-disk-center-covered CME (POAW < 180°). partial halo CME here have no distinction in the process of the ice-cream model. They are different only on the LASCO observations because the partial CME just does not develop to a full halo in the view field of LASCO observation, due to the orientation, angle width, and the radial distance of the ice-cream cone .
Summary and Discussion
[32] The cases of ambiguous LASCO observations due to successive CMEs erupted or bad LASCO observational data cannot be measured and are marked with e and f, respectively, in Table 4 . The cases whose fitting projected speeds curves do not match the measured observational projected speeds data well are marked with stars in Table 4 . The possible causes of these unmatched cases are described as following: Some cases, i.e., the CMEs on 14 July 2000 and 29 March 2001, whose angular widths are near 180°, are due to the very symmetrical LASCO observations and with relatively deflected locations from the center of the Sun; some cases have no relatively regular projected contours, i.e., the CMEs on 7 July 2000 and 16 March 2001 or have no very clear observational pictures, i.e., 8 November 2000. The histograms of the speed distribution and the angular width distribution are shown in Figures 8 and 9 . The average speed of the CME is 1104 km/s. The average width of the CME is approximately equal to 114°(with the most narrow CME width of 36.8°and the widest one of 179°).
[33] In summary, we use an ice-cream cone model to determine the geometrical and kinematical properties of halo CMEs as well as nonhalo CMEs. Comparing with the previous cone model in the literature, there are some new characteristics in this model.
[34] First, the height-time relationship and the coordinate system transformation are used in this model. From the measurements of height-time relations in different azimuthal angles, one can get the nearly actual distributions of skyplane observational speeds. It can avoid the ambiguities in finding the point which appears as the first above the occulting disk (that was used in the work of Michalek and Gopalswamy [2003] ). Moreover, it also give us a way to test whether the parameters of a CME get from the model match the observation well.
[35] Second, this method uses the SOHO/EIT observations to restrict the source locations to a relative small region. It will reduce calculating time and give relatively accurate locations near the active regions. For example, in the case of 4 April 2000, the fitted location is (q 0 , f 0 ) = (74°, 40°) (that is, N16W40). This location is near to the center the flare active region N19W56, while Xie et al.'s result (q 0 , f 0 ) = (64.3°, 27.7°) (that is, N26W28) departs more from the flare region. From the Figure 4 , one can also find this departure from the observation data.
[36] Third, we also use the ice-cream cone model to fit a nonhalo CME. Halo CMEs and nonhalo CMEs have no essential differences in their geometrical and kinematical properties. The basic methods are the same only with some identifications of observational measurements, namely, identification of the borders of y L , y R in equations in Table 1 from the LASCO observations. Similar work has also been done by Liu et al. [2002] using the method developed by Zhao et al. [2002] .
[37] Finally, the ice-cream cone model is different from previous cone models in the intersectional region between the cone and the sky plane. In this region, the projection is determined by the top coronal of the ice-cream cone. Figure 10 shows the projected speed profiles for a given CME with fixed parameters of V = 1000 km/s, a = 120°, q = 90°, and the longitude f changing from 50°to 80°. One can find that out of the intersectional region the ice-cream cone model and the cone model give the same Table 4 . results, but in intersectional region, they give very different results.
[38] Most of the slow CMEs (V < 250 km/s) show acceleration while most of the fast CMEs (V > 900 km/s) show deceleration [Gopalswamy et al., 2000; Yashiro et al., 2004] . We have examined the height-time curve in different azimuths for each case listed in Table 4 . In most cases, we found that the height-time plots show nearly linear relations in their measured azimuths with small accelerations (or decelerations). However, the accumulated effect of the small acceleration (or deceleration) will change the initial and final speed of the CME due to the large view field of LASCO. Thus the assumption of constant speed will be not suitable for some cases. This is one of the major error sources of this work. The other error source may be that for simplicity, the apex of the ice-cream cone is located in the center of the Sun, not at the solar surface as done by Michalek and Gopalswamy [2003] . In general, the method in this paper works well for the fast CMEs whose front edges are clear in the running different images. If the CME has relatively complex projected shape or the running different images are too faint, the result will be unstable. Figure 10 . The projection speed profiles on the sky plane for a given CME with V = 1000 km/s, a = 120°, q = 90°, and f changing from 50°to 80°. The results obtained from the ice-cream cone model and the cone model are shown by the solid line and the dashed line, respectively. The intersection region between the cone and the sky plane is indicated by the horizontal line.
